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Summary
Chemotaxing neutrophils and Dictyostelium amoebae
produce in their plasma membranes the signaling lipid
PI(3,4,5)P3 (PIP3) in gradients [1–3], which are orien-
tated with the external chemotactic gradient and
have been proposed to act as an internal compass,
guiding movement of the cell [4, 5]. Evidence for and
against this idea exists, but in all cases it depends
on the use of inhibitors or gene knockouts, which
may only incompletely abolish the PIP3 gradient. We
have created a multiple gene-knockout strain in Dic-
tyostelium lacking all five type-1 phosphoinositide
3-kinases encoded in the genome and the PTEN phos-
phatase and have thus removed all known ways for
chemoattractant to produce PIP3 gradients in the
plasma membrane. The resulting sextuple mutant is
able to chemotax to cyclic-AMP with near wild-type ef-
ficiency and to trigger actin polymerization without ap-
parent defect. There is, however, a consistent defect in
movement speed in chemotaxis and especially in ran-
dom movement. This work shows that polarization of
membrane PIP3 is not necessary for accurate chemo-
taxis, but it can affect cell speed. A signaling pathway
from receptor to cytoskeleton able to guide cells inde-
pendently of polarized PIP3 and type-1 phosphoinosi-
tide 3-kinases must exist.
Results and Discussion
Creation of Mutant Strains
To test the role of PI(3,4,5)P3 (PIP3) gradients in chemo-
taxis, we created a Dictyostelium mutant strain that
lacks all currently known ways of producing such gradi-
ents in response to chemoattractant. PIP3 gradients in
the plasma membrane are formed by the receptor-
driven redistribution and activation of the relevant met-
abolic enzymes; Type-1 phosphoinositide 3-kinase
(PI3K), converting PI(4,5)P2 into PIP3, is recruited to
the upgradient region of the cell [6, 7], whereas the
PTEN phosphatase, catalyzing the opposite reaction,
is lost from the plasma membrane of this region [6, 8]
(Figure 1A).
The completed Dictyostelium genome [9] shows five
type-1 PI3K genes—defined as those bearing a ras-
binding domain—that could synthesize PIP3 in re-
sponse to the chemoattractant cyclic-AMP [10]
*Correspondence: rrk@mrc-lmb.cam.ac.uk(Figure S1 and Table S1 in the Supplemental Data online)
and a clear PTEN homolog [8]. The PI3Ks are expressed
in early development when the cells become responsive
to cyclic-AMP (Figure S1). These genes were sequen-
tially knocked out by use of a selectable marker recy-
cling with the Cre/Lox system [11] to create a quintuple
PI3K knockout mutant and a sextuple mutant with PTEN
knocked out on top (Figure S2). For comparison with
previous work [6, 8], PTEN2 and PI3K1/22 double-
knockout strains were also made in the same parental
background and carried through the same characteriza-
tion (see Tables S1 and S2 for relevant genes and
strains).
In addition, the Dictyostelium genome contains
a unique PI3K gene, pikH, encoding a protein lacking
the ras-binding domain characteristic of type-1 PI3Ks
but bearing a PH domain instead. A GFP fusion of this
protein is localized in cytoplasmic dots and, unlike true
type-1 PI3Ks, is not recruited to the cell perimeter after
cyclic-AMP stimulation (Figure S4). For completeness,
pikH was also knocked out in the quintuple mutant
background.
Both the quintuple (PI3K1-52) and the sextuple
(PI3K1-52, PTEN2) mutants grow poorly on axenic me-
dium in suspension and have developmental defects, in-
cluding poor aggregation (not shown), but like the wild-
type, they can be made fully competent to respond to
cyclic-AMP by starvation for several hours and periodic
pulsing with cyclic-AMP.
Absence of Detectable PIP3 Signaling and Gradients
in the Multiple PI3K Mutants
For detection of PIP3 signaling, cells were transformed
with GFP-PhdA, a PH-domain reporter protein that
binds PIP3 in the membrane [12]. After global stimula-
tion with cyclic-AMP, the reporter is transiently recruited
to the plasma membrane of wild-type cells and peaks
after 5 s; PTEN2 cells start with a high level at the mem-
brane (Figure S3) and respond with a prolonged recruit-
ment of additional reporter, whereas none of the PI3K
mutants show any response (Figure 1B). When cyclic-
AMP is locally applied from a micropipette, the PIP3
reporter becomes strongly polarized toward the pipette
in wild-type cells (Figure 1C) and PTEN2 cells—although
the distribution is broader in these—but there is no de-
tectable polarization in any of the PI3K mutants. Thus
in the sextuple mutant, we have produced a strain that
is incapable of polarizing PIP3 in response to chemotac-
tic gradients, unless it is done by an unprecedented
route and in amounts undetectable by our methods.
Cell Polarization without PIP3 Gradients
Cyclic-AMP gradients impose several types of polarity
on cells, ranging from initial gradients in signaling mole-
cules to the final elongated morphology of a chemotax-
ing cell, with F-actin predominantly at front and back. Al-
though the cyclic-AMP receptor itself does not become
polarized [13], both PI3K and PTEN do, and we therefore
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814Figure 1. PIP3 Signaling in Chemotaxis and
Its Ablation in PI3K Mutants
(A) Scheme of PIP3 regulation in a cell che-
motaxing to cyclic-AMP. Chemotactic stimu-
lation causes PI3Ks to be recruited to the
upgradient region of the cell and the PTEN
phosphatase to be lost.
(B) Changes in PIP3 levels after uniform
cyclic-AMP stimulation at t = 0. PIP3 was
measured indirectly by the binding of the
PH-domain-containing reporter, GFP-PhdA,
to the plasma membrane (binding deter-
mined as loss from cytosol); latrunculin A
was added to avoid shape changes, but
note that the response is indistinguishable
in wild-type (Ax2) cells in the absence (n =
21, blue squares) or presence of latrunculin
A (lat) (n = 24, blue circles). Mutants were
measured on at least two independent days:
PI3K1/22 (strain HM1141; n = 29, orange
triangles), PI3K1-52 (HM1200; n = 21, brown
circles), PTEN2 (HM1289; n = 24, red trian-
gles), and PI3K1-52, PTEN2 (HM1295; n = 27
black triangles).
(C) Polarized PIP3 accumulation marked by
recruitment of GFP-PhdA in wild-type and
PTEN2 cells but not in the other mutants.
Red stars indicate point source of cyclic-
AMP. The scale bar represents 10 mm. Data
are mean 6 SD; n = number of cells.asked whether their polarization depends on the PIP3
gradient. Both a PI3K (YFP-PI3K2N) and a PTEN
(PTEN-GFP) reporter become as reciprocally polarized
in PI3K mutant cells placed in a cyclic-AMP gradient
as they do in wild-type cells (Figures 2A and 2B). Further
downstream, cyclic-AMP triggers actin polymerization,
which characteristically occurs in an expanding pseudo-
pod. We first measured this biochemically after globalstimulation of live cells. These cells show a rapid in-
crease in F-actin content, peaking at about 5 s after stim-
ulation, which is robustly present in all the mutants with
little variation in amplitude or timing compared to the
wild-type (Figure 2D). Consistent with this, all mutants
show a polarized overall distribution of F-actin at the
front and rear when placed in a cyclic-AMP gradient (Fig-
ure 2C; F-actin is recognized by the F-actin-bindingFigure 2. Polarization and Actin Polymeriza-
tion of PIP3 Signaling Mutants in Response
to Cyclic-AMP
Reporters consisting of (A) YFP fused to the
localization domain of PI3K2 (aa 1–578);
(B) PTEN-GFP, shown in the presence of
3–5 mM latrunculin A; and (C) GFP-ABD, which
binds F-actin. These reporters still localize to
the front, the back, or the front and back, re-
spectively, in mutant as in the wild-type. Red
arrows indicate direction of movement; red
stars indicate the source of cyclic-AMP.
Scale bars represent 10 mm. (D) shows
in vivo actin polymerization upon cyclic-
AMP stimulation of cells of wild-type (blue
circles), PI3K1/22 (HM1141; orange squares),
PI3K1-52 (HM1200; green squares), PTEN2
(HM1289; red triangles), or PI3K1-52,
PTEN2 (HM1295; brown circles). Data are
mean 6 SD of three independent experi-
ments.
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815Figure 3. Chemotaxis toward Cyclic-AMP of PIP3 Signaling Mutants
(A) Stills from time-lapse movies at 0 and 15 min for the indicated strains show displacement toward a cyclic-AMP-releasing needle.
(B) Representative tracks of ten cells each aligned to a common starting point with a source of cyclic-AMP along the y axis.
(C) Tracks of ten representative vegetative cells moving randomly in the absence of directional cues for strains indicated in the top panel. Data
are representative of many experiments on at least three independent days. Scale bars represent 10 mm.reporter GFP-ABD). It appears that the initial polarization
of the cell is independent of receptor-stimulated PIP3
production, as is the triggering of actin polymerization.
Chemotaxis without PIP3 Gradients
We used time-lapse microscopy to observe chemotaxis
of our mutants to a micropipette releasing cyclic-AMP
and quantitated the key parameters from the movies.
Contrary to expectations, cells of the sextuple mutant
can still chemotax efficiently toward a micropipette re-
leasing cyclic-AMP (Figures 3A and 3B, Table 1, and
Movies S1–S4). The chemotactic index, a measure of
the overall accuracy of cell movement, and directional-
ity, a measure of net movement up the gradient, are
comparable to that of the wild-type, although the speed
is somewhat reduced. This key result is supported by
similar findings for PI3K double and quintuple mutants
and the PTEN2mutant, all of which show a similar accu-
racy to the wild-type in our assay. In addition, knocking
out the unusual PI3K, pikH, in the PI3K1-52 background
to generate a PI3K sextuple mutant, caused no addi-
tional chemotactic phenotype (Figure S4).
These results differ from observations of the earlier
PI3K1/22 double mutant and the PTEN single mutant,
which were both more severely impaired in chemotaxis
than ours [6, 8], although subsequently only mild defects
were found in the PI3K1/22 mutant [14, 15]. We foundthat experimental procedures are critical: Although in
all cases cells are pulsed with cyclic-AMP for several
hours to make them responsive, it is important to stimu-
late them with the cyclic-AMP micropipette immediately
after plating because delay results in the mutant cells,
but not the wild-type, becoming much less motile.
One curious difference is apparent from the move-
ment tracks of the mutants. Whereas wild-type cells
move relatively smoothly toward the cyclic-AMP source,
the tracks of the PI3K1-52 quintuple mutant are mark-
edly erratic, with many sharp turns; this is a fact also re-
flected in their reduced net movement upgradient (Table
1 and Figures 3A and 3B). However, when PTEN is also
knocked out in this background, the tracks again be-
come smoother, resembling the single PTEN2 knockout
strain (Table 1). This suggests that PTEN may have an
additional role in controlling turns, a role that may not
depend on its lipid phosphatase activity, but perhaps
on its protein phosphatase activity [16].
Cell Speed Is Defective in PIP3 Signaling Mutants
The speed of random motility—movement without ex-
ternally applied chemotactic gradients—is severely im-
paired in all mutants affecting PIP3 signaling; for exam-
ple, sextuple PI3K1-52, PTEN2 mutant cells move at
only 42% of the wild-type speed in growth medium
and only 36% of the speed when starving (Figure 3C
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816Table 1. Chemotactic and Random-Movement Parameters
Ax2 PI3K1/22 PI3K1-52 PTEN2 PI3K1-52, PTEN2
Vegetative Cells
Random Movement n = 60 n = 51 n = 57 n = 54 n = 55
Mean velocity (mm/min)a 5.05 6 1.7 3.36 6 1.55** 3.09 6 1.63** 1.81 6 0.7** 2.13 6 0.98**
Angular deviation (deg)b 37.8 6 15.6 44.5 6 26.9 56.6 6 26.4** 98.5 6 16.6** 71.1 6 22.5**
Aggregation-Competent Cells
Random Movement n = 53 n = 65 n = 65 n = 63 n = 55
Mean velocity (mm/min)a 10.7 6 3.2 6.32 6 2.53** 4.94 6 2.98** 2.55 6 1.88** 3.85 6 2.73**
Angular deviation (deg)b 57.5 6 18 64.8 6 16.7* 72.9 6 13.7** 79.7 6 24** 61.2 6 16.4
Chemotaxis n = 49 n = 56 n = 70 n = 65 n = 60
Mean velocity (mm/min)a 11.8 6 4.2 12.1 6 4.1 10.7 6 4.7 8.9 6 4* 8.8 6 2.1**
Chemotactic index (cosine q)c 0.96 6 0.09 0.92 6 0.16 0.97 6 0.04 0.94 6 0.09 0.95 6 0.15
Directionalityd 0.81 6 0.19 0.72 6 0.2 0.66 6 0.16** 0.86 6 0.1** 0.84 6 0.16
Wild-type Ax2 cells and mutant cells are compared either in axenic growth medium (vegetative cells) or after starvation and cyclic-AMP pulsing in
KK2 containing 2 mM MgSO4 and 0.1 mM CaCl2 (aggregation-competent cells, which are chemotactic to cyclic-AMP). Data (mean 6 SD) were
quantified from experiments on at least three different days; **p% 0.0001; *p < 0.05 Student’s t test; n = number of cells.
a Mean velocity represents the speed of the cell’s centroid along the total path.
b Average deviation of the angle of the path taken by cells from one frame to the next.
c The chemotactic index is represented by cosine q, where q is the angle between a line directly upgradient and one to the endpoint of each cell’s
track.
d Directionality stands for ratio of the net path length upgradient to the total path length, measured in 15 s intervals.and Table 1). Cells of the PTEN2 mutant and to a lesser
extent the sextuple PI3K1-52, PTEN2 mutant often re-
main rooted to the spot but with a restless perimeter
suggestive of the production of many unstable pseudo-
podia. The PI3K double and quintuple mutants move
more but often produce less motile multipolar cells, as
if the competition between pseudopodia is inefficiently
resolved. This suggests a role for PIP3 in basal motility,
perhaps in regulating the rate of pseudopod formation
and their subsequent stability [17]. This role is crucial
for randomly moving cells but less important in polar-
ized cells in the presence of a strong chemotactic signal,
where the defect in speed is much less apparent.
The Role of PI3Ks and PIP3 Gradients in Chemotaxis
The idea that chemotacting cells orientate by means of
PIP3 gradients in their plasma membrane was sug-
gested by the striking demonstration of such gradients
in chemotaxing Dictyostelium amoebae [1, 2], neutro-
phils [3], and fibroblasts [18]. These gradients align with
the external chemotactic gradient and can be sharper
than it [19], and they appear as pseudopod formation
is initiated.
Genetic and inhibitor experiments initially suggested
that these PIP3 gradients are required for chemotaxis
in Dictyostelium [6, 12], but recent work suggests other-
wise [14, 15]: Thus, a PI3K1/2- double mutant ofDictyos-
telium was initially reported as substantially impaired in
chemotaxis but later found to chemotax with near wild-
type efficiency in appropriate conditions [14]. Similarly,
the PI3K inhibitor LY294002 was initially found to
strongly inhibit wild-type chemotaxis [12] but later found
to have a much milder effect, provided the cells are al-
lowed a short recovery period [14, 15]. Similarly, neutro-
phils lacking PI3Kg are impaired in chemoattractant-
stimulated migration [20], but more recently their defect
was found not to be in orientation as such, but in the
speed and proportion of cells that moved ([21, 22], seealso [23]). Chemotaxis in the original PTEN2 strain of
Dictyostelium was severely impaired [8], whereas we
found a lesser defect in our independent mutant. In
mammalian cells, PTEN is dispensable for directionality
[21, 24] but implicated in cell adhesion [25].
None of these approaches would be expected to
completely block PIP3 signaling or the formation of
PIP3 gradients. PI3K inhibitors may not give complete
inhibition in vivo—LY249002 treatment is reported to
leave 10%–15% activity in Dictyostelium cells [14]—
and are likely to have offtarget activity [26]. Previous ge-
netic experiments in Dictyostelium did not target all the
PI3K genes [6, 15, 27] and left PTEN intact, which alone
could have produced PIP3 gradients from basal levels of
PIP3 by its loss from the leading edge.
In our experiments, we entirely removed all the known
receptor-regulated PI3Ks and also PTEN, thus removing
all known ways of making PIP3 gradients in the plasma
membrane in response to chemoattractant. The result-
ing sextuple mutant is still able to chemotax with near
wild-type efficiency, although there are clear defects in
speed, especially in random movement. We conclude
that neither type-1 PI3Ks nor PIP3 gradients are re-
quired for efficient chemotaxis to cyclic-AMP by Dic-
tyostelium cells, although we cannot exclude the possi-
bility that PIP3 gradients may guide cells redundantly
with the unknown guidance pathway, whose existence
is implied by our results.
Experimental Procedures
Identification of PI3K genes, their knockout, verification of the
knockouts, the systematic names of the resulting strains, and
more detailed methods are described in the Supplemental Data.
The wild-type strain and parent of all mutants was the Kay laboratory
version of Ax2.
Chemotaxis and Random Movement
Cells for these and other assays were grown on bacterial lawns—
because of slow growth of PI3K mutants in axenic medium—and
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817then subcultured into dishes with axenic medium for at least 2 days
before assay. We obtained cyclic-AMP responsive, aggregation-
competent amoebae by resuspending washed cells at 2 3 107
cells/ml in KK2 (16.5 mM KH2PO4, 3.9 mM K2HPO4, and 2 mM
MgSO4), starving them for one hour by shaking at 180 rpm, and sub-
sequently pulsing with 70–90 nM cyclic-AMP (final) for another 3–5 hr
as indicated in the assay. For analysis of chemotactic properties,
cells were usually pulsed for 4.5 hr. At that time, small clumps of cells
had started to form and stick to the glass wall of the flask, and this
was used as morphological criteria for comparing strains. In the ab-
sence of clumps, pulsing was continued.
For analysis of chemotactic parameters, cells were placed in 2 ml
of KK2 in a well of a Labtek two-chamber glass coverslip (Nalgene)
and a micropipette filled with 10 mM cyclic-AMP placed a few
100 mm away. After 5–20 min stimulation, the cell clumps had dis-
persed into individual chemotactic cells. A time-lapse series was
started once the cells were separate and chemotaxing. DIC images
were recorded at a frame every 15 s, and a stack of 40 frames pro-
cessed with threshold binarization and automated centroid tracking
with ImageJ and the plugin MTrack2. Parameters and trajectories
were extracted from homemade Excel spreadsheets that allowed
us to align the cell’s starting point to the tip of the needle along the
y axis of the coordinate system. For analysis of randomly moving ag-
gregation-competent cells, cells were prepared in the same way.
Random fields were recorded every 15 s for 5 min 1 hr after cells
were plated. For random movement of vegetative cells, 1 to 4 3
105 cells were left to adhere for >1 hr in 2 ml axenic media in a well
of a Labtek two-chamber glass coverslip before they were filmed
at one frame every 15 s. Parameters were extracted from 5 min
movies.
Supplemental Data
Additional Experimental Procedures, four figures, two tables, and
four movies are available at http://www.current-biology.com/cgi/
content/full/17/9/813/DC1/.
Acknowledgments
We thank members of the Kay laboratory and Mark Bretscher for
discussions, Karima Ouadrani for technical assistance in generating
strains, and the Japanese cDNA project for clone dda31a06. This
work was supported by the Medical Research Council and a fellow-
ship from the Boehringer-Ingelheim Fonds for O.H.
Received: March 13, 2007
Revised: March 30, 2007
Accepted: April 2, 2007
Published online: April 26, 2007
References
1. Parent, C.A., Blacklock, B.J., Froelich, W.M., Murphy, D.B., and
Devreotes, P.N. (1998). G Protein signaling events are activated
at the leading edge of chemotactic cells. Cell 95, 81–91.
2. Meili, R., Ellsworth, C., Lee, S., Reddy, T.B.K., Ma, H., and Firtel,
R.A. (1999). Chemoattractant-mediated transient activation and
membrane localization of Akt/PKB is required for efficient che-
motaxis to cAMP in Dictyostelium. EMBO J. 18, 2092–2105.
3. Servant, G., Weiner, O.D., Herzmark,P., Balla,T.,Sedat, J.W., and
Bourne, H.R. (2000). Polarization of chemoattractant receptor
signaling during neutrophil chemotaxis. Science 287, 1037–1040.
4. Parent, C.A., and Devreotes, P.N. (1999). A cell’s sense of direc-
tion. Science 284, 765–770.
5. Weiner, O.D. (2002). Regulation of cell polarity during eukaryotic
chemotaxis: The chemotactic compass. Curr. Opin. Cell Biol. 14,
196–202.
6. Funamoto, S., Meili, R., Lee, S., Parry, L., and Firtel, R.A. (2002).
Spatial and temporal regulation of 3-phosphoinositides by PI
3-kinase and PTEN mediates chemotaxis. Cell 109, 611–623.
7. Sasaki, A.T., Chun, C., Takeda, K., and Firtel, R.A. (2004). Local-
ized Ras signaling at the leading edge regulates PI3K, cell polar-
ity, and directional cell movement. J. Cell Biol. 167, 505–518.
8. Iijima, M., and Devreotes, P. (2002). Tumor suppressor PTEN
mediatessensingof chemoattractantgradients. Cell109, 599–610.9. Eichinger, L., Pachebat, J.A., Glockner, G., Rajandream, M.A.,
Sucgang, R., Berriman, M., Song, J., Olsen, R., Szafranski, K.,
Xu, Q., et al. (2005). The genome of the social amoeba Dictyos-
telium discoideum. Nature 435, 43–57.
10. Vanhaesebroeck, B., Leevers, S.J., Ahmadi, K., Timms, J.,
Katso, R., Driscoll, P.C., Woscholski, R., Parker, P.J., and Water-
field, M.D. (2001). Synthesis and function of 3-phosphorylated
inositol lipids. Annu. Rev. Biochem. 70, 535–602.
11. Faix, J., Kreppel, L., Shaulsky, G., Schleicher, M., and Kimmel,
A.R. (2004). A rapid and efficient method to generate multiple
gene disruptions in Dictyostelium discoideum using a single
selectable marker and the Cre-loxP system. Nucleic Acids
Res. 32, e143.
12. Funamoto, S., Milan, K., Meili, R., and Firtel, R.A. (2001). Role of
phosphatidylinositol 30 kinase and a downstream pleckstrin
homology domain-containing protein in controlling chemotaxis
in Dictyostelium. J. Cell Biol. 153, 795–810.
13. Xiao, Z., Zhang, N., Murphy, D.B., and Devreotes, P.N. (1997).
Dynamic distribution of chemoattractant receptors in living cells
during chemotaxis and persistent stimulation. J. Cell Biol. 139,
365–374.
14. Loovers, H.M., Postma, M., Keizer-Gunnink, I., Huang, Y.E.,
Devreotes, P.N., and van Haastert, P.J. (2006). Distinct roles of
PI(3,4,5)P3 during chemoattractant signaling in Dictyostelium:
A quantitative in vivo analysis by inhibition of PI3-kinase. Mol.
Biol. Cell 17, 1503–1513.
15. Takeda, K., Sasaki, A.T., Ha, H., Seung, H.-A., and Firtel, R.A.
(2007). Role of PI3 kinases in chemotaxis in Dictyostelium.
J. Biol. Chem. 282, 11874–11884.
16. Myers, M.P., Stolarov, J.P., Eng, C., Li, J., Wang, S.I., Wigler,
M.H., Parsons, R., and Tonks, N.K. (1997). P-TEN, the tumor sup-
pressor from human chromosome 10q23, is a dual-specificity
phosphatase. Proc. Natl. Acad. Sci. USA 94, 9052–9057.
17. Andrew, N., and Insall, R.H. (2007). Chemotaxis in shallow gradi-
ents is mediated independently of PtdIns 3-kinase by biased
choices between random protrusions. Nat. Cell Biol. 9, 193–200.
18. Haugh, J.M., Codazzi, F., Teruel, M., and Meyer, T. (2000). Spa-
tial sensing in fibroblasts mediated by 30 phosphoinositides. J.
Cell Biol. 151, 1269–1280.
19. Janetopoulos, C., Ma, L., Devreotes, P.N., and Iglesias, P.A.
(2004). Chemoattractant-induced phosphatidylinositol 3,4,5-
trisphosphate accumulation is spatially amplified and adapts,
independent of the actin cytoskeleton. Proc. Natl. Acad. Sci.
USA 101, 8951–8956.
20. Rickert, P., Weiner, O.D., Wang, F., Bourne, H.R., and Servant,
G. (2000). Leukocytes navigate by compass: Roles of PI3K-
gamma and its lipid products. Trends Cell Biol. 10, 466–473.
21. Nishio, M., Watanabe, K., Sasaki, J., Taya, C., Takasuga, S.,
Iizuka, R., Balla, T., Yamazaki, M., Watanabe, H., Itoh, R., et al.
(2007). Control of cell polarity and motility by the PtdIns(3,4,5)P3
phosphatase SHIP1. Nat. Cell Biol. 9, 36–44.
22. Ferguson, G.J., Milne, L., Kulkarni, S., Sasaki, T., Walker, S.,
Andrews, S., Crabbe, T., Finan, P., Jones, G., Jackson, S.,
et al. (2007). PI(3)Kgamma has an important context-dependent
role in neutrophil chemokinesis. Nat. Cell Biol. 9, 86–91.
23. Ward, S.G. (2004). Do phosphoinositide 3-kinases direct lym-
phocyte navigation? Trends Immunol. 25, 67–74.
24. Lacalle, R.A., Gomez-Mouton, C., Barber, D.F., Jimenez-
Baranda, S., Mira, E., Martinez, A.C., Carrera, A.C., and Manes, S.
(2004). PTEN regulates motility but not directionality during leuko-
cyte chemotaxis. J. Cell Sci. 117, 6207–6215.
25. Tamura, M., Gu, J., Matsumoto, K., Aota, S., Parsons, R., and
Yamada, K.M. (1998). Inhibition of cell migration, spreading,
and focal adhesions by tumor suppressor PTEN. Science 280,
1614–1617.
26. Gharbi, S.I., Zvelebil, M.J., Shuttleworth, S.J., Hancox, T., Saghir,
N., Timms, J.F., and Waterfield, M.D. (2007). Exploring the spec-
ificity of the PI3K family inhibitor LY294002. Biochem. J., in press.
Published online February 15, 2007. 10.1042/BJ20061489.
27. Zhou, K.M., Takegawa, K., Emr, S.D., and Firtel, R.A. (1995). A
phosphatidylinositol (PI) kinase gene family inDictyostelium dis-
coideum: Biological roles of putative mammalian p110 and yeast
Vps34p PI 3-kinase homologs during growth and development.
Mol. Cell. Biol. 15, 5645–5656.
